Abstract. The purpose of this paper is to model the operation of the Shutdown Cooling System (SDCS) for CANDU 6 nuclear power plants in case of LOCA accidents, using Flowmaster calculation code, by delimiting models and setting calculation assumptions, input data for hydraulic analysis and input data for calculating thermal performance check for heat exchangers that are part of this system.
Introduction
Power and energy industries have their unique challenges but they all need to rely on the efficient running of their piping systems and, therefore, optimum design and continual effective maintenance are essential. The ability to ensure accurate delivery of a product and raw materials, especially over long distances and significant elevation changes, is vital to the overall operation and success of a process plant. For such analysis, Flowmaster is a useful code. This code has been applied for analyzing the systems of CANDU reactors due to the user's possibility of defining the incompressible and compressible fluids and also the solid materials based on thermodynamic and thermophysical properties of these materials [1] stored in the corresponding generic database of the program.
Considering this, the following paper has analyzed the failure operation modes in case of loss of coolant accidents (LOCA), described in the design documentation.
The first chapter of the study provides an overview of the Shutdown Cooling System (SDCS) and an overview of the operating regimes of the system. In this section, general considerations and aspects of nuclear safety related to the LOCA accidents are also presented.
Furthermore, modeling the operation of the SDCS is performed using Flowmaster [2] , by delimiting the models and developing supportable computing assumptions of the geometric configuration. It also requires introducing the input data and the calculation assumptions for the hydraulic analysis and for the thermal calculation in order to verify the functioning of the heat exchangers that are part of this system. Abnormal operating conditions [3] for the SDCS were analyzed using Flowmaster [4] calculation code and a comparison of the results was made with data obtained from a series of models developed in Pipenet.
From the results of the thermal-hydraulic analysis and the comparison with data from the compilings performed with Pipenet, it was found that in all operating conditions of the system, in case of a LOCA type accident, performance requirements specified in the design documentation are confirmed by the analysis. After modeling the SDCS, its functionality was demonstrated by achieving the required performance.
Overview of the Shutdown Cooling System and the computer code used for analysis
The SDCS is provided for cooling the Primary Heat Transport System (PHTS) from 177°C to 54°C and holding the system at 54°C for an indefinite period of time.
During normal operation with the reactor at power, the SDCS is kept full with heavy water at 38°C (100°F) temperature and a pressure equal to or just above atmospheric pressure. Figure 1 reveals the simplified network of the SDCS coupled with the PHTS in normal operation.
There are two cool down options available. The initial phase of both options is similar and involves the use of the CSDVs (Condenser Steam Discharge Valves) to lower the PHTS temperature from 260°C, at the rate of 2.8°C/min. During this phase, the PHTS pumps circulate the coolant through the steam generators. If the SDCS pumps are to be used in the next cool down phase, the PHTS temperature first has to be brought down to 149°C by means of the CSDVs. Cool down to 54°C at the rate of 2.8°C/min is carried out using the SDCS pumps and heat exchangers (HX).
Operating the SDCS in case of LOCA
Following a large LOCA, with or without Class IV power, the SDCS is required to cool the PHTS intact loop. For the first 900 seconds (15 minutes), upon receipt of the LOCA signal, the Moderator Temperature Control (MTC) program controls the "moderator rapid cool down". Following the first 900 seconds after LOCA, the recirculated cooling water flow rate of 200 L/s is made available to the SDCS by limiting the opening of the large temperature control valves (an MTC program action) to limit the flow towards the heat exchangers.
In this case, in order to cool down the PHTS intact loop, the operator has to bring in the SDCS manually, following a large LOCA, which will act as a backup heat sink for the thermo-siphoning of the intact loop [5] .
This paper analyses the case of cooling the intact loop of the PHTS, using the SDCS, 15 or 30 minutes after the initiation of LOCA, using both the pumps and the heat exchangers of the SDCS or only one pump and one heat exchanger (Class IV or Class III available) [6] .
LOCA [7] are the most severe challenges for all security systems, requiring that they operate at the best performance levels.
Fundamentals in Flowmaster
For the development of the thermal-hydraulic analysis of the SDCS, the computing program Flowmaster was used, a one-dimensional thermal-hydraulic calculation code for dimensioning, analyzing and verifying the operation of the pipeline systems.
This code provides a graphical virtual working environment and enables the design, redefinition and test of the whole fluid flow system. Steady state or transient modules of Flowmaster code for single-phase fluids were designed specifically in order to model the heat transfer effects in many application areas. The modules enable users to develop transient analysis for such kind of events.
Each component of Flowmaster is a mathematical model for a piece of equipment that is included in a facility.
Selected components are connected via nodes in order to form a network which constitutes a computerized model of the system.
A Flowmaster network contains a number of components (pipes, tubing, pumps, fans, flow and pressure sources, etc.) and the links between them.
The points in which components are linked to one another are called nodes.
When a network is prepared for simulation, each component and node must have a unique label. Filling the entire schematic representation (Flowmaster network) is an essential part of any simulation.
The nodal diagram (Flowmaster network) achieved consisted of a sequence of segments separated by nodes, which represent portions of pipe trails sections, without diameter or branch variations along them. Various equipments or components (except for retaining tabs) are represented by pressure loss coefficients.
For simulating using Flowmaster code, the heavy water flow in the SDCS in order to determine the variation of pressure and flow at various points of the circuit, a nodal scheme -Flowmaster network was done.
The Flowmaster computing code [8] was verified with an exact calculation on the thermal part of the analysis and with Pipenet program on the hydraulic part of it.
3 Application of Flowmaster code in thermalhydraulic analysis of the SDCS
Models and computing hypotheses
In order to develop the thermal-hydraulic analysis of the SDCS in case of LOCA, the following calculation models that cover the requirements of the design theme were done.
Model I
Hydraulic calculation model for the SDCS, when operating under a LOCA failure mode, model in which the cooling of the PHTS is started at 177°C using heat exchangers, HX1 and HX2, to provide the cold source, while the circulation will be maintained by the SDCS pumps, P1 and P2.
Model II
Hydraulic calculation model for the SDCS, when operating under a LOCA failure mode, model in which the cooling of the PHTS is started at 177°C using one heat exchanger, HX1 or HX2, to provide the cold source, while the circulation will be maintained by one of the SDCS pumps, P1 or P2. 
Model III
Thermal calculation model for the heat exchangers, HX1 and HX2, related to the SDCS, when the SDCS is operating in failure mode. In this case the heat exchangers HX1 and HX2 are cooled with water flow coming from the intermediate cooling water system. The inlet temperature considered on the secondary side of the heat exchangers is 30°C. In model III, the SDCS is working with its associated pumps, P1 and P2.
Model IV
Thermal calculation model for the heat exchangers, HX1 and HX2, related to the SDCS, when the SDCS is operating in failure mode. The heat exchangers HX1 and HX2 are also cooled with water flow coming from the intermediate cooling water system. The difference between model III and model IV is that the inlet temperature on the secondary side of the heat exchangers is 35°C. In model IV, the SDCS is working with both SDCS pumps.
Model V
Thermal calculation model for the heat exchangers, related to the SDCS, when the SDCS is operating in failure mode (in which case only one pump and one heat exchanger related to the SDCS are used). For this case, the inlet temperature on the secondary side of the heat exchangers is 30°C.
Model VI
Thermal calculation model for the heat exchangers related to the SDCS, when the SDCS is operating in failure mode (in which case they only use one pump and one heat exchanger related to the SDCS). The inlet temperature on the secondary side of the heat exchangers according to the manual design of the cooling water system is 35°C.
For the considered analysis, a set of design assumptions were made. For the hydraulic analysis, the hypotheses are as follows:
-system condition at the baseline of cooling is a state of stationary hydraulic regime; -hydraulic resistances of PHTS lines are determined taking into account the pressure drop values on these lines, for the nominal operating regime; -hydraulic resistance of SDCS lines is determined taking into account the dimensional characteristics and their composition (the fittings on these lines);
-pumps that do not work are modeled as lines with hydraulic resistance determined from the characteristic curves for the respective pumps; -for the heat exchangers and steam generators we consider only the primary circuit, that is modeled as a pipeline with the hydraulic resistance; -pressure in the system is fixed at one of the output collectors of the reactor by boundary condition; -interfaces with other systems were neglected, connecting pipes to these systems are not functional for the analyzed regimes.
Assumptions considered for the thermal analysis were also set as follows:
-the energy accumulated in metal tubes and shell is neglected; -the compressibility of the fluids is neglected; -in the shell and in the heat exchanger's tubes, the flow is single phase; -the initial thermal condition is that the temperature in the entire system is considered to be the same; -the paper does not take into account the preparatory steps aimed at achieving either of the necessary cooling configurations, thus neglecting transient hydraulic regimes preceding the making of either of the cooling schemes analyzed.
For the accomplishment of the hydraulic calculation with the help of the calculating code Flowmaster V7, pressure values have been entered, corresponding to hydrostatic pressure determined at the output collector of the reactor by boundary conditions. Thus, for all hydraulic calculation models the appropriate pressure values for the inlet/outlet components of the nodal scheme were considered according to Table 1 .
Description of collected data and output files
Output files for the thermo-hydraulic calculation with the Flowmaster program are structured according to the type of simulation (hydraulic or thermal) as follows:
-hydraulic calculation results for each component (flow, velocity, Reynolds number, pressure loss, etc.); -hydraulic calculation results in each node (pressure); -thermal calculation results suitable for components in which heat transfer occurs (thermal load, overall heat transfer coefficient, temperature difference between input and output); -thermal calculation results in each node (temperature).
Results can be filtered by type of component or by characteristic parameters calculated, according to the components that make up the nodal scheme. Table 2 .
Model II
Hydraulic calculation model for the operation in failure mode of the SDCS, model in which the cooling of the PHTS starts at 177°C using one heat exchanger, HX1 or HX2, to provide the cold source, while the circulation will be maintained by one of SDCS's pumps, P1 or P2. According to the results, the calculated hydraulic parameter values are listed in Table 3 .
Model III
Thermal calculation model for the heat exchangers, HX1 and HX2, related to the SDCS, for the operation in failure mode of the SDCS. This model concerns the time evolution of the temperature in PHTS.
According to the results, the parameter values for the heat transfer of the heat exchangers HX1 and HX2, at the moment of achieving the cooling requirement for PHTS (temperature in PHTS must be 54°C) are shown in Table 4 . 
Model IV
Thermal calculation model for the heat exchangers, HX1 and HX2, related to the SDCS, for the operation of the SDCS under failure mode (LOCA). The inlet temperature on the secondary side of the heat exchangers is 35°C. In model IV, the SDCS is working with its own pumps, P1 and P2. The results are shown in Table 5 . Figure 3 is also a plot of temperature decrease of PHTS coolant for the inlet and outlet of the SDCS heat exchangers. The difference between model III and model IV is the inlet temperature of the cooling water that passes through the heat exchangers.
Model V
Thermal calculation model for the heat exchangers, HX1 or HX2, related to the SDCS, for the operation in failure mode of the SDCS (LOCA). In model V, the SDCS is working with one heat exchanger and one of the SDCS pumps, P1 or P2. Table 6 provides the main results for this case of operation mode. Figure 4 is also a plot of temperature decrease of PHTS coolant for inlet and outlet of the SDCS heat exchangers.
Model VI
Thermal calculation model for the heat exchangers, HX1 and HX2, related to the SDCS, for the operation under failure mode of the SDCS (LOCA). In this model, the SDCS is working with one heat exchanger and one of the SDCS pumps, P1 or P2.
The inlet temperature on the secondary side of the heat exchangers is 35°C. Table 7 shows the results of this analysis. Figure 5 is also a diagram of the temperature decrease for PHTS coolant.
For the hydraulic analyses, two Pipenet models were considered in order to verify the results obtained in Flowmaster. The results are presented in Tables 8 and 9 .
Conclusions
This paper presents a thermal-hydraulic analysis of the simultaneous operation of the SDCS and of the primary heat transport system, associated to a CANDU 6 NPP (nuclear power plant), operating in LOCA accident regime, using Flowmaster calculation code.
The modelling of heavy water flow through the SDCS and primary heat transport system was performed to determine the distribution of flow rates and pressure in various areas of the hydraulic circuit and the pressure loss corresponding to the components, but also in order to calculate the heat of the heat exchangers related to the system.
The configurations corresponding to the SDCS coupled to the primary heat transport system are in accordance with the thermo-mechanical schemes of the systems similar to those at Cernavoda NPP.
Within this work, complex hydraulic/thermo-hydraulic analyses were performed for the SDCS coupled with the primary heat transport system. Hydraulic analyzes developed using Flowmaster program aimed at the verification of the hydraulic models as well as the determination of flow and pressure loss in baseline cooling processes in degraded mode.
The results of the thermo-hydraulic analysis show that in all cases analyzed, for the LOCA accident regime, the performance requirements are satisfied according to the analysis.
The heat exchangers of the SDCS have the ability to perform the cooling of the primary heat transport system from 177°C to 54°C in approximately 79 minutes, if the inlet temperature of reactor cooling water (RCW) is 30°C.
After 79 minutes, the residual heat necessary to be extracted from the primary circuit by means of both heat exchangers of the SDCS is approximately 10 MW and the thermal load of the heat exchanger is 10.99 MW.
If the inlet temperature of the RCW heat exchangers is 35°C, then the cooling from 177°C to 54°C of the primary heat transport system will be made in approximately 86 minutes.
After 86 minutes, the residual heat necessary to be extracted from the primary circuit by means of a heat exchanger of the SDCS is approximately 4.85 MW and the thermal load of the heat exchanger is 8.95 MW.
For the model in which the PHTS cooling is provided only by one of the heat exchangers of the SDCS, if the inlet temperature of the RCW heat exchangers is 30°C, the residual heat necessary to be extracted has a value of 3.71 MW. By means of the heat exchanger having the heat load of 5.4 MW, cooling from 177°C to 54°C is achieved in approximately 88 minutes.
If the inlet temperature of the operating heat exchanger is 35°C, then cooling from 177°C to 54°C of the primary heat transport system will be achieved in approximately 90 minutes.
After 90 minutes, the residual heat necessary to be extracted from the primary circuit by means of a heat exchanger of the SDCS is approximately 2.87 MW and the thermal load of the heat exchanger is 4.17 MW.
As a result of this thermal analysis wherein the inlet temperature of the intermediate cooling water at the heat exchangers is 35°C, a series of differences were observed compared to the data sheets of the heat exchangers, HX1 and HX2, namely:
-thermal load taken by the heat exchangers is smaller, but above the necessary; -primary heat transport system may be cooled to a temperature of 54°C, but it would take longer; -intermediate cooling water temperature at the outlet of the heat exchanger has a higher value.
Another observation is that both in the case when two heat exchangers are operation, as well as the case with one heat exchanger, in LOCA accident regime, PHTS cooling can be achieved by using the SDCS. The only difference noticed between the two models considered is that for the operation with a heat exchanger instead of two, cooling is done in a longer but covering time.
Regarding the temperatures, a normal evolution in the PHTS cooling process is found, but it cannot be measured accurately and precisely because of the lack of information on the conditions under which the analyses were developed, as the basis for the evolution curves of the residual heat present in the reactor after 15 minutes, and 30 minutes, respectively, from the start of the accident of the coolant loss type.
By analyzing the parameters of the cooling system for all cooling processes considered, it was found that the values obtained for thermal-hydraulic parameters, as well as the duration up to reaching specified limits fall within the design values of the system. Cooling speeds are situated below the value of 2.8°C/min at the reactor outlet for all cooling regimes in case of LOCA accidents.
